Objectives: Oxygen-enhanced MRI (O2-MRI) is frequently based on a block paradigm consisting of a series of consecutive T1-weighted scans acquired during alternating blocks with inhalation of room air and of pure oxygen. This design results in a complex signal-time course for each pixel, which displays the oxygen wash-in and wash-out processes and provides spatially resolved information about the lung function. The purpose of the present study was to optimize the signal-time-course analysis in order to extract (pixelwise) the maximum amount of information from the acquired data, and to introduce an appropriate cross-correlation approach for data sets containing the oxygen wash-in and wash-out periods.
Introduction
Oxygen-enhanced MRI (O 2 -MRI) has been successfully applied to visualize and assess pulmonary ventilation and lung function quantitatively or semiquantitatively in several studies over recent years . The inhalation of pure oxygen (O 2 ), which acts as a weakly paramagnetic contrast agent, decreases the longitudinal relaxation time, T 1 , of blood; the reduced relaxation time can then be detected as (a relatively small) signal enhancement in T 1 -weighted MRI.
Frequently, a block paradigm is used to enhance the contrast-to-noise ratio of O 2 -MRI consisting of a series of T 1 -weighted scans acquired during alternating blocks with inhalation of room air and of 100 % O 2 . This block design results in a signal-time course for each pixel containing information about lung function and about properties of respiration and circulation. Two different acquisition schemes for such block paradigms were used in past studies: (a) data acquisition can be paused for a few minutes after switching the gas supply to allow for establishing the new steady-state signal (2-6), or (b) T 1 -weighted data can be acquired continuously, thus sampling the transition of the signal intensity towards the new steady-state value (7) (8) (9) (10) (11) (12) (13) (14) . An advantage of the first approach is that one has to deal only with static signal levels and that the signal difference between air and O 2 acquisitions (typically calculated after data averaging within each block) is maximized. It has been suggested to evaluate this time course by calculating the crosscorrelation coefficient of each pixel response function and the (ideal) box-car waveform (3, 15) . To quantitatively assess and compare the measured correlation coefficients in patients, the fraction of oxygen-activated pixels, f OAP , has been defined as the fraction of lung pixels with correlation coefficients greater than 0.5 (5, 6) .
In contrast, each pixel time course of the second approach contains the transitional signal that is observed immediately after switching the gas supply. These intermediary signal intensities reduce the averaged signal calculated within each block and, thus, decrease the observed mean signal enhancement. In order to optimize the signal enhancement maps, it has been suggested to discard some of the early transitional acquisitions to increase the observed signal enhancement (13) . An advantage of the continuous data acquisition is that additional information about the O 2 wash-in and wash-out process can be obtained by analyzing the dynamic signal-time course. This was done before by either determining the linear slope of the signal change (8, 9) or by fitting an exponential function to the O 2 wash-in or wash-out data (7, 10, 12, 14) . These studies demonstrated that, e. g., the slope correlates significantly with the pulmonary pathology (8, 9) .
The purpose of the present study was to optimize the signal-time-course analysis in order to extract (pixelwise) the maximum amount of information from the continuously acquired data, and to introduce an appropriate cross-correlation approach for data sets containing the O 2 wash-in and wash-out periods. For the first aim, we evaluated and compared six reference functions modeling the complete O 2 wash-in and wash-out process with different numbers of fit parameters. Then, the optimal model function was used to establish reference values and the statistical distributions of the parameters in healthy volunteers. Finally, based on these results, we proposed and compared different reference functions for the cross-correlation analysis and determined the fraction of oxygen-activated pixels in O 2 -MRI with continuous scanning.
Methods
We examined 11 non-smoking, healthy volunteers (7 male and 4 female) aged between 20 and 36 years; the volunteers gave written informed consent to participate in the study, which had local Ethics Committee approval.
All volunteers were imaged with a T 1 -weighting multi-slice inversion-recovery half-Fourieracquisition single-shot turbo-spin-echo (HASTE) sequence implemented on a 1.5-Tesla whole-body scanner (Magnetom Sonata, Siemens Healthcare, Erlangen, Germany) with a high-performance gradient system providing a maximum gradient strength of 40 mT/m and a maximum slope of 200 T/(m·s). An 8-channel phased-array thorax coil system was used for signal reception. An optimized inversion time, TI, of 1300 ms was chosen for T 1 -weighting (15) ; images were acquired with linear kspace readout in phase-encoding direction (from left to right), a minimized echo time, TE, of 11 ms, and a receiver bandwidth of 795 Hz/pixel. The in-plane image resolution was 3.1×3.1 mm² (matrix size 128×128, field of view 400×400 mm²); the generalized autocalibrating partially parallel acquisition (GRAPPA) technique was applied for parallel imaging with an acceleration factor of 2 (24 k-space lines were acquired in the k-space center immediately before the actual data acquisition to determine the GRAPPA reconstruction weights). The multi-slice sequence was based on an interleaved inversion and readout of 4 coronal slices (11) with a slice thickness of 8 mm and a slice distance of 16 mm. The data readout was both ECG and respiratory-triggered to ensure readout during endexpiration and in the diastolic phase; doubletriggering has been suggested to optimize the image quality in O 2 -MRI of the lung (6) . The arms of the subjects were positioned above the head to minimize aliasing artifacts.
Each examination consisted of a series of 80 consecutive respiratory-gated acquisitions divided into 4 equally long blocks with alternating inhalation of room air and O 2 (20×air, 20×O 2 , 20×air, 20×O 2 ). Thus, the total acquisition time was 80 respiratory cycles, i. e., it varied between about 8 and 12 minutes depending on the individual respiratory frequency, and the block duration of O 2 or air administration varied between about 2 and 3 minutes. The breathing gas was administered by a tightly fitting non-rebreathing respiratory face mask covering mouth and nose and with a gas flow of approximately 20 L/min. Lung tissue and the spleen were segmented manually in all 11 data sets (44 slices). Then, bright vessels were automatically removed from the lungtissue regions by defining the brightest 20 % of all lung-tissue pixels in each slice (maximum intensity projection over all repetitions) as vessels. Finally, image data were spatially smoothed by applying a Gaussian image filter with a size of 5×5 pixels and a width (standard deviation) of 2 pixels to all acquired slices.
The data post-processing and evaluation consisted of two separate parts. First, we searched for an optimal fitting function to the dynamic O 2 -MRI data. In the second part, quantitative parameters determined with the optimal fitting function were used to establish an improved technique for crosscorrelation analysis of dynamically acquired O 2 -MRI data. All data post-processing (segmentation, smoothing, parameter fitting, and cross-correlation analysis) was performed with in-house developed dedicated software based on the free dynamic programming language Tcl/Tk.
For the first part of the evaluation, we restricted the data sets to the acquisitions #1 to #60, i. e., we discarded the last 20 acquisitions since these contained (in principle) the same dynamic data as acquisitions #21 to #40. By discarding these acquisitions, each data set consisted of 20 base line repetitions followed by 20 repetitions during O 2 wash-in followed by 20 repetitions during O 2 wash-out; thus, the subsequent analysis was based on an identical number of wash-in and wash-out acquisitions. Including acquisitions #61 to #80 as well would result in an over-representation of the washin process in the subsequent analysis, which might induce a bias in the derived results.
In order to reduce the remaining influence of respiratory motion, the diaphragm position was semi-automatically evaluated in all slices, and acquisitions with displaced liver-lung interfaces (of more than 1 pixel) were discarded.
We then normalized all data pixelwise to their mean value over the 20 initial baseline (air) acquisitions to obtain relative enhancement data. Only acquisitions #21 to #60 were used for the following analysis, in which we compared six different model functions, f m (t; p), m = 1…6, for the evaluation of the signal-time course (see Fig. 1 ); here, t denotes the time point within the time course and p denotes the set of all other model parameters:
1. f 1 (t; p) = rect(t; R enh , ∆t): a rectangular function (box-car waveform) with 2 free parameters (the relative enhancement, R enh , and the time delay, ∆t, between switching the gas supply and the onset of the signal change)
2. f 2 (t; p) = pw_lin(t; R enh , τ in , τ out , ∆t): a piecewise linear function with 4 free parameters (the relative enhancement, R enh , the (normalized) wash-in up-slope, 1/τ in , the (normalized) wash-out down-slope, -1/τ out , and the time delay, ∆t)
3. f 3 (t; p) = pw_exp(t; R enh , τ in , τ out ) : a piecewise exponential function with 3 free parameters (the relative enhancement, R enh , the wash-in time constant, τ in , and the wash-out time constant, τ out ) 4 . f 4 (t; p) = pw_exp(t; R enh , τ in/out , ∆t): a piecewise exponential function with 3 free parameters (the relative enhancement, R enh , only a single time constant, τ in/out , for washin and wash-out, and the time delay, ∆t)
5. f 5 (t; p) = pw_exp(t; R enh , τ in , τ out , ∆t): a piecewise exponential function with 4 free parameters (the relative enhancement, R enh , the wash-in time constant, τ in , the wash-out time constant, τ out , and the time delay, ∆t)
6. f 6 (t; p) = pw_exp(t; R enh , τ in , τ out , ∆t, ∆t'): a piecewise exponential function with 5 free parameters (the relative enhancement, R enh , the wash-in time constant, τ in , the wash-out time constant, τ out , the time delay, ∆t, describing the onset of the wash-in process, and the time delay, ∆t', describing the onset of the wash-out process).
The model functions were fitted pixelwise to the relative enhancement data using non-linear fitting with a box-constrained Levenberg-Marquardt implementation. The start value for fitting the relative enhancement, R enh , was estimated as the mean relative enhancement over acquisitions #26 to #40; this parameter was constrained to the range from 0 to 100 %. The start value of the wash-in and washout time constants was set to 40 s for the exponential model functions and to the duration of the second room-air block divided by the start value of R enh for the linear model function; in both cases, the parameters were constrained to the range from 0.5 s to 200 s. The start values of the time delays, ∆t and ∆t', were set to 0 and constrained to the range from 0 to 100 s or 200 s for ∆t and ∆t', respectively. A special procedure was required for the parameter fitting of the rectangular function, since the discontinuities of this function did not allow the direct application of the Levenberg-Marquardt algorithm. In this case, the optimal time delay, ∆t, was determined as the time delay with the maximum correlation between the rectangular function and the signal-time curve; then, the optimal relative enhancement, R enh , was fitted with the LevenbergMarquardt algorithm. To assess the quality of the different fits, we first calculated for each pixel (with position r) and each model function the normalized sum of the squared differences, S sq , between the fitted model functions, f m (t; p(r)), (the index m denotes the 6 different functions) and the original data points, s(r, t).
(the number, N, of data points could vary because of the motion correction). Then, the optimal fit function was determined using the corrected Akaike information criterion (cAIC), C Akaike (r, m) (22) , which is a measure based on the sum-ofsquares difference, S sq (r, m), the number, N, of data points, and the number, K, of free fit parameters:
The optimal fit function is the one with the minimal cAIC. The probability that the model is the best among all considered models, i. e., that it approximates the data best without overfitting, is quantified by the Akaike weights (22): The model function with the lowest cAIC (or, equivalently, with the highest Akaike weight) was then used to calculate maps and averages (median value, 16th and 84th percentile) of all model parameters; parameters were evaluated separately for the spleen and the 4 different slices of the lung as well as for the total lung tissue.
The second main part of the data evaluation was focused on the application of cross-correlation approaches to dynamic O 2 -MRI data. We defined four different reference functions, r m (t), m = 1…4, to calculate the cross-correlation coefficients for each pixel time course: a rectangular box-car function, r 1 (t), as used in earlier publications (3, 5, 6, 15) and a piecewise exponential function, r 2 (t), similar to the optimal model function found in the first part of this study (see Fig. 2 ). The timing parameters for the piecewise exponential function were defined fixed as approximations to the median values over all lung pixels determined in the first part of this study. The cross-correlation coefficients, c CC , defined as (the bar over a function denotes its mean value over all time points) were calculated for these two original functions and, additionally, for a set of timeshifted reference functions, r m (t; ∆t CC ), m = 3,4 (see Fig. 2 ). In the latter case, the correlation coefficients were calculated separately for 40 discrete time shifts, ∆t CC , by moving the first onset of the enhancement in the reference function from the 20th to the 21st … 60th acquisition within the time course. Then, the maximal correlation coefficient and the corresponding temporal shift, ∆t CC , over all shifted functions were pixelwise determined. We determined the median values, the 16th, and 84th percentile of the cross-correlation coefficients and of the temporal shifts evaluated over all segmented pixels (in all volunteers and all slices) for all four cross-correlation approaches. The fraction of oxygen-activated pixels, f OAP , (i.e., with c CC > 0.5) was calculated separately for each volunteer for the four used reference functions. The fractions of oxygen-activated pixels were then statistically compared with a paired Wilcoxon signedranks test.
Results
The segmented lung tissue in all 11 volunteers (over all 4 acquired slices) consisted of 89 539 pixels after removing the bright vessels; the seg- Table 1 ; an example of the regional distribution of the Akaike weights for all model functions is shown in Fig. 3 The Table 2 . Typical relative signal enhancements were between 15 % and 20 % with a moderate regional variance (16th to 84th percentile) between 8 % and 28 %. Typical time constants for O 2 wash-in and wash-out were between 25 s and 30 s; here, a larger regional variance was found with values ranging from 5 s to 80 s. There is no obvious position dependence of the parameters within the lung in anterior-posterior direction. Noteworthy are the substantial differences of the time delay, ∆t, in the lung (∆t = 4.8 s) and the spleen (∆t = 24.5 s) as well as the prolonged wash-in time constant of 73 s in the spleen. Parameter maps of a volunteer are shown in Fig. 4 and (color-coded) in Fig. 1 of the Supplemental Digital Content. b Maximal Akaike weight is printed bold in each column. Akaike weights do not sum to 1 since the median over all voxels (of an asymmetric distribution of weights) is displayed; for each single voxel, the sum of all weights is 1. ; piecewise exponential function, r 2 (t); rectangular wave shifted to obtain maximum correlation, r 3 (t; ∆t CC ); piecewise exponential function shifted to obtain maximum correlation, r 4 (t; ∆t CC )). Rows 5 and 6 show the delay, ∆t CC , with maximum correlation corresponding to rows 3 and 4. (The heterogeneous parameter distribution in the spleen is caused by partial volume effects of superposed stomach signal.) Color-coded maps of these results are provided as Fig. 2 of the Supplemental Digital Content (see below at the end of the manuscript). Based on the results in Table 2 , we chose a wash-in time constant of 30 s and a wash-out time constant of 25 s for the exponential reference functions used for the cross-correlation analysis. The results of the compared cross-correlation approaches are presented in Table 3 . The median values of the correlation coefficients over all pixels ranged from 0.34 with the fixed rectangular reference function to 0.88 with the shifted exponential function. Generally, the correlation coefficients depended more strongly on the reference function in the spleen than in the lung. The highest correlation coefficients were found with the shifted exponential function in both organs. The delay, ∆t CC , was about 7 s in the lung when evaluated with the exponential reference function; it was approximately 30 s longer in the spleen than in the lung with both reference functions. The delay was about 25 s longer with the rectangular than with the exponential reference function in both organs. Parameter maps are shown in Fig. 5 and (colorcoded) in Fig. 2 of the Supplemental Digital Content.
The fractions of oxygen-activated pixels were significantly lower (p<0.01) with the fixed rectangular reference function than with all other functions. It was also significantly lower (p<0.01) with the fixed exponential function than with those two reference functions that were shifted to obtain the maximum correlation.
Discussion
In the present study, we provided a detailed analysis of the properties of the signal-time course in O 2 -MRI by evaluating several model functions for the complete wash-in/wash-out process with different numbers of parameters. It was demonstrated that the experimental data are best fitted (evaluated by the corrected Akaike information criterion) by a piecewise exponential function with four free parameters: the relative signal enhancement, R enh , the time constants of signal increase (O 2 wash-in) and decrease (O 2 wash-out), τ in and τ out , and the time delay, ∆t, between switching the gas supply and the onset of the signal change. This result is in good agreement with the fact that the global O 2 concentration in the lung exhibits exponential time dependence after switching the O 2 concentration of the supplied gas (23) . It furthermore indicates that the signal quality (in terms of temporal sampling rate and signal-to-noise ratio) is sufficient to reflect this exponential dependence; in the case of very low signal quality, the fit with the zeroth-order (rectangular) or first-order (linear) approximation of the exponential would be expected to show comparably good fit properties.
Reference values of these four parameters were established for our group of 11 non-smoking, healthy volunteers. of 20 % to 25 % reported in some other studies (5, 14, 19, 20) .
Pulmonary O 2 wash-in and wash-out times found in this study are in the range from 25 s to 30 s and agree well with results by Hatabu et al. (7), who also observed slightly longer wash-in than wash-out time constants. This difference has been explained in earlier studies as a consequence of pulmonary perfusion, which transports O 2 away from the lung and, thus, works towards wash-out and against wash-in (7, 10). Our time constants for O 2 wash-in agree well with those found in a study of preoperative oxygenation using end-tidal oxygraphy by Berry and Myles (24) , although the authors state in their publication that the time for alveolar denitrogenation is subject to several factors such as the tidal volume and the ventilatory frequency. Comparing with other MR-based studies, our results lie between lower values of 17 s reported by Ohno et al. (14) and higher ones of about 45 s to 50 s found by Arnold et al. and Naish et al. (10, 12) . Generally, these time constants are promising as indicators for several pulmonary pathologies such as emphysema, fibrosis, etc., which are known to cause an inhomogeneous dynamic distribution of inhaled gases (23); these inhomogeneities can now be depicted and quantified based on the maps of wash-in/out time constants.
In the spleen, the analysis of the O 2 -induced signal changes has the advantage that the baseline tissue signal is substantially higher than in the lung and, thus, the signal-to-noise ratio of the dynamic signal-time course is higher as well. Hence, parameter fitting and the comparison of different model functions can be performed with higher reliability than in the lung tissue as indicated by the lower values of the Akaike information criterion. Our results show a similar relative signal enhancement in the spleen as in the lung, which is considerably lower than the values around 50 % reported by Tadamura et al. (25) . This may be explained by the different inversion times used in both studies; the inversion time of 1300 ms used in the present study was optimized for lung tissue and may be too long for an optimal signal contrast in the spleen, which has a shorter T 1 time of about 800 ms to 1000 ms (25, 26) . We found a substantially longer wash-in time (of about 70 s) in the spleen than in the lung reflecting the longer time required to reach a steady-state O 2 concentration in the blood and tissue outside the lung. Physiologically, one should differentiate between the time constants that describe the changing O 2 concentration in the alveolar volume, in the pulmonary capillaries, and in the tissue of other organs. While the O 2 concentration in the alveolar volume depends mainly on the respiratory parameters as mentioned above, longer time constants are observed in the blood pool and in particular in other organs because of the additional time required to reach a new steadystate O 2 concentration in tissue. Generally, this longer wash-in time (and its considerable regional variation with an 84th percentile of 185 s) should be taken into account in all studies (outside the lung) that rely on T 1 -weighted signal changes after O 2 inhalation; we recommend an O 2 inhalation period of at least three times the wash-in time, i.e., of several minutes in order to obtain an optimal signal response. We are not aware of any other studies that report O 2 wash-in and wash-out time constants of the spleen.
A new parameter of our model function, which was not considered in former studies, is the time delay, ∆t, that describes the interval between switching the gas supply and the onset of the signal change in the considered organ. This time delay is relatively short in lung tissue; the median value of about 5 s is in the range of single respiratory cycle. It is, however, substantially longer in the spleen (with a median of about 25 s) indicating perhaps the difference between O 2 accumulation in the pulmonary capillaries on the one hand and the change of O 2 concentration in the arterial blood pool as well as the circulation times to the spleen on the other hand. Further studies in patients with pulmonary diseases are required to investigate whether this new parameter can help in the characterization of diseased lung areas, which might be hypothesized to show a delayed onset (i.e. increased ∆t) of O 2 enhancement due to locally restricted ventilation associated with a delay of local O 2 delivery. Outside of the lung, as e. g. in the spleen, ∆t might correlate to the global lung function of patients, since delayed pulmonary oxygenation will induce related delays in all other organs as well; again, further patients studies are required to correlate the ∆t in the spleen with any diseaserelated parameters.
We have demonstrated that the time-dependent relative signal enhancement in T 1 -weighted O 2 -MRI is optimally fitted by a (piecewise) exponential model. It can be shown (cf. Appendix 1) that the observed behavior of the dynamic relative signal enhancement is in good approximation proportional to the time-dependent change of the O 2 concentration in blood or tissue. Thus, the calculated time constants (wash-in and wash-out times, τ in and τ out, as well as the delay, ∆t) describe physiological tissue properties independent of the chosen measurement technique such as the pulse sequence or the sequence parameters. Hence, these quantitative results can be expected to be less examinationdependent than, e. g., the absolute or relative enhancement ratios or the slope of the signal changes.
Based on these results, we proposed and compared different approaches to analyze the crosscorrelation properties and the fraction of oxygenactivated pixels in O 2 -MRI with continuous scanning. We have shown that in dynamic O 2 -MRI both the correlation coefficients and the fractions of oxygen-activated pixels depend significantly on the reference function used for cross-correlation analysis. With a box-car waveform as used in earlier studies (3, 5, 6, 15) , the correlation parameters are substantially underestimated when the pixel timecourse contains dynamic information from the O 2 wash-in and wash-out periods: e. g., by a factor of more than 2 in the spleen when comparing the (conventional) unshifted rectangular and the shifted exponential reference function. In the lung, the median correlation coefficient was below 0.5 with the conventional rectangular reference function; with all three other approaches it was between 0.65 and 0.70 in excellent agreement with Mai et al. (3) . The optimal median correlation coefficient in the spleen was almost 0.9, which demonstrates the generally better signal-to-noise ratio in the spleen compared to the lung.
If the maximum correlation coefficient of a set of temporally shifted correlation functions is determined, then the temporal shift, ∆t CC , can be obtained as an additional parameter, which has a very similar interpretation as the time delay, ∆t, determined by data fitting in the first part of our study and which might also be helpful, e. g., for the characterization of diseased lung areas in patients. If evaluated with the piecewise exponential function, ∆t CC is about 7.5 s in the lung and, thus, is comparable to the value of ∆t of about 5 s. In the spleen, ∆t CC is about 39 s, which is somewhat longer than the corresponding value of ∆t of about 25 s. This difference, however, may be explained by the longer O 2 wash-in time in the spleen that was not incorporated into the reference function (which was fixed for all pixels to the median values found in lung tissue); a longer delay increases the crosscorrelation coefficient for spleen tissue by compensating the non-optimal shape of the reference function to a certain degree.
The observed difference of ∆t CC of about 25 s between correlation with the rectangular and the exponential reference functions agrees approximately with the shift of about 20 s that is required for a maximum correlation of the ideal rectangular and exponential functions.
The median fraction of oxygen-activated pixels depended strongly on the applied cross-correlation approach. It was below 50 % and, thereby, significantly lower with the fixed rectangular reference function used in earlier studies than with all other functions. With the time-shifted reference functions, we obtained fractions of oxygen-activated pixels of about 83 % in healthy volunteers, which agrees excellently with the result of 81.7 % reported by Molinari et al. (6) . In the spleen, even higher fractions of oxygen-activated pixels (greater than 90 %) were found. Generally, the cross-correlation techniques have the advantage that they are computationally less expensive than the non-linear fitting of a function with four free parameters; in addition, they are more robust in the presence of noise and of respiratory motion artifacts, both of which are typical for lung tissue in O 2 -MRI. However, the full information content of the acquired data including the time constants for O 2 wash-in and wash-out can only be retrieved by the non-linear fitting procedure. A certain limitation of both techniques is that exact timing information of each acquired image is required for the analysis, since the respiratory triggering results in non-equidistant timing of the individual acquisitions. This timing information had to be extracted from the archived data sets prior to the subsequent image post-processing steps.
In conclusion, we provided a detailed analysis of the properties of the pixelwise evaluated signaltime course in O 2 -MRI of the lung and the spleen demonstrating that the experimental data are best fitted by a piecewise exponential function. As a new parameter, the time delay between switching the gas supply and the onset of the signal change was introduced. We could also demonstrate that crosscorrelation techniques can be significantly improved for the application in oxygen-enhanced MRI data acquired continuously over the O 2 wash-in and wash-out periods. Evaluating the full signal-time course either by model fitting or by crosscorrelation allows extracting more information from the acquired data than in previous studies.
